Nitrogen Excretion in the Tadpoles of Xenopus laevis;Daudin BY ELUNED E. UNDERHAY* AND E. BALDWIN Department of Biochemi8try, Univer8ity College, London (Received 13 May 1955) As was pointed out by Delaunay (1931) , and emphasized by Needham (1931) , the excretion of ammonia as the predominant end-product of protein metabolism is characteristic of aquatic animals as a whole but is supplanted by that of urea (amphibia; chelonian reptiles; mammals) or uric acid (saurian reptiles; birds) in amphibious and terrestrial animals. Needham (1931) collected numerous data in support of this general proposiNion.
The amphibia are of particular interest from this point of view since they are, in general, wholly aquatic during the larval period and go on the land only after metamorphosis., Munro (1939) found that the tadpoles of Rana temporaria are wholly ammoniotelic, and that the transition to ureotelism takes place in the course of metamorphosis. Thus this animal recapitulates its chemical as well as its evolutionary past in the course of its larval development.
In Xenopu8 laevie we have an amphibian which passes both its larval and adult lives without leaving the water. Unlike Rana and the other frogs and toads that have been studied, the adult Xenopu8 continues to excrete the bulk of its waste nitrogen as ammonia (Munro, 1953; Cragg, 1953 
NITROGEN EXCRETION IN XENOPUS TADPOLES
Ammonia-nitrogen accounts for 60-80 % of the total nitrogen, but urea is nevertheless present in the excreta and accounts for some 20 % of the total nitrogen. These facts harmonize with the generally accepted opinion that Xeropuw is descended from trulyaamphibiousandthereforepresumablyureotelic ancestors, but has made a secondary return to the water. In so doing it has reverted largely to the aquatic and ammoniotelic type, though retaining still a small measure of ureotelism as evidence of its evolutionary past.
A somewhat similar case was discovered by Moyle (1949) among chelonian reptiles; here typically amphibious species excrete some 40-60 % of the total nitrogen in the form of urea and only some 5 % as ammonia, whereas secondarily aquatic forms produce only about 20-25% of the total nitrogen as urea and about 20% in the form of ammonia.
Interesting changes in the nitrogen excretion of Xenopus tadpoles are evidently to be expected, though Munro (1939 Munro ( , 1953 could find no evidence that they and the tadpoles of Rana behave at all similarly; Rana, but not Xenopus, changed over to ureotelism at metamorphosis. Cragg (1953) found that adult specimens of Xenopus, if kept in moist surroundings, but out of water, excreted very little nitrogen but appeared rather to store it as urea, for, on their return to the water, a massive excretion of urea took place. Little ammonia was excreted, and only after some days was the normal pattem of excretion reestablished. In this respect Xenopu8 resembles the lungfish Protopteru8 during and immediately after aestivation (Smith, 1930) . Alexander & Bellerby (1938) report that the adult Xenopu8 commonly aestivates during the dry season and it seems probable that it survives by storing urea, as does Protopteru8, until the rains come.
Clearly, then, in spite of its ammoniotelic habits, Xenopus has the ability to produce urea from the bulk of its waste nitrogen. It seemed to us desirable to discover, if we could, at what stage in development this ability makes its appearance. Tadpoles of Xenopus were accordingly examined at intervals up to the end of metamorphosis. Ammonia and urea were determined in the environment at a number of stages and the ratios of ammonianitrogen to urea-nitrogen so obtained were compared at successive developmental stages.
MATERIALS AND METHODS
Care of animals. Tadpoles of Xenopws laevi8 were obtained 2 days after hatching and immediately pipetted into tall glass jars, each containing about 4-5 1. of tap water. From 45 to 50 tadpoles were placed in each jar and kept under conditions similar to those described by Deanesly & Parkes (1945) . No special precautions were taken to keep 35 the temperature of the water constant; daily observations of the maximum and minimum air temperature showed that it fluctuated between 130 and 240.
The tadpoles were fed entirely on freeze-dried liver powder from which the larger particles had been removed by sieving. From about the age of 1-7 weeks they were fed twice weekly and then three times weekly until metamorphosis. After metamorphosis small pieces of rat liver or earthworm were substituted for the liver powder.
As the time of metamorphosis approached the animals were allowed a greater volume of water. At metamorphosis, which began about 11 weeks after hatching, some individuals were placed in separate small vessels for observation, but because of the large numbers this was not possible in all cases.
Collection of excretory products. For the collection of excretory products, animals were kept in a known volume of water for 24 hr., the number of animals in each experiment depending upon their size and the volume of water used. Each group was so selected that its members were all at a similar stage of development. An immediate initial determination of any NH3 that might have been transferred with the animals was made. No food was given during the test period, but the animals were fed normally up to the start of the 24 hr. collection period. At the end of this time the tadpoles were removed from the water, drained on filter paper and weighed in a bottle containing a few millilitres of clean water. The samples were filtered to remove any faecal matter and then analysed.
No animals died during the collection periods, although a small number, especially in the early stages, died as a result of being weighed.
Ammonia was determined colorimetrically by the phenol-hypochlorite reaction. The method was essentially that used by Russell (1944) 
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To follow the changes that occur in the excretion of ammonia and urea up to and through the period of metamorphosis, the animals were therefore divided into groups with similar characteristics of development and thus of similar weight.
As Table 2 shows, very young tadpoles excrete nitrogen mainly in the form of ammonia. As they gain in weight the relative percentage of ammonia decreases and reaches a minimum at the time when the hindlimbs are developing but increases again when the forelimbs emerge and the head and tail shrink. After completion of metamorphosis the excretion of ammonia is still higher and exceeds by far that during metamorphosis itself.
The results listed in Table 2 also show that the total nitrogen excreted per day per gram body weight increases abruptly when head and tail are shrinking. A similar but less marked change has been reported by Munro (1953) .
DISCUSSION
These results show that the larval Xenopus laevi8 passes under normal conditions through a stage during which a significantly higher percentage of nitrogen is excreted in the form of urea than is found in either very young larvae or in the adult. These findings are at variance with those of Munro (1953) , but the discrepancy may well be due to the fact that Munro's experiments were carried out under less satisfactory conditions; he himself states that more than half the tadpoles died during the first week, and that from the original 250 eggs only 10 survived to metamorphosis. Our own animals were well fed on a high-protein diet and had a high survival rate. Munro, on the other hand, does not state that his animals were fed but only that they were kept in water 'to which had been added an infusion of raffia, mud and weed obtained from a pond supporting a large frog population'.
According to our findings the changes during metamorphosis are similar to those found in other amphibians for which the ratio of ammonia to urea during development has been investigated. These are Rana temporaria, Bufo bufo bufo, Tritu?8 vulgari8, cri8tatu8 and Axolotl (Munro, 1939, 1953) . The only difference between Xenopu8 and these other species is that whereas Xenopu8 returns to a predominant excretion of ammonia after displaying a tendency to ureotelism during its larval life, the other species become and remain ureotelic during adult life. It appears in fact that a progressive tendency towards ureotelism is a feature of the larval life of amphibia in general, but, whereas the completion of metamorphosis is commonly attended by the development of total ureotelism, Xenopu8 shows only a transient move towards ureotelism and reverts towards ammoniotelism again even before the forelimbs begin to emerge.
Taken together with the observations of Cragg (1953) and Munro (1939 Munro ( , 1953 , our results suggest that if Xenopu8 were to live a terrestrial or semiterrestrial instead of an aquatic life, it would be capable of meeting the problems of nitrogen disposal in the manner usual among amphibia, i.e. by ureotelism. Indeed, it seems likely that its survival during the dry season depends upon precisely this device. Certainly the dependence of Xenopu8 on an aquatic habitat is not to be attributed to failure to develop the machinery necessary for ureogenesis. SUMMARY 1. The excretion of nitrogen in the form of ammonia and urea by Xenopu8 tadpoles has been studied up to the end of metamorphosis.
2. There is a marked increase in the relative proportion of urea nitrogen in the early stages of metamorphosis followed by a fall as metamorphosis proceeds.
3. The total nitrogen excreted/gram body weight/24 hr. shows a sharp increase in the late stages of metamorphosis.
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